Lakeshore changes associated with the extension of an offshore breakwater in a lake were investigated, taking the Torigasaki cuspate foreland located on the south shore of Lake Shinji as an example. After the construction of an offshore breakwater to form a wave-shelter zone, a cuspate foreland was formed with shoreline recession on nearby coasts. The shoreline changes were investigated using aerial photographs, and the beach changes were reproduced using the BG model (a three-dimensional model for predicting beach changes based on Bagnold's concept). The predicted and measured beach changes were in good agreement.
Introduction
In general, the wave energy on a lakeshore in a relatively small lake is smaller than that on beaches exposed to ocean waves, and thus beach changes on a lakeshore are considered to be negligible. However, since the wave period (wave length) of wind waves is short, the ratio of structure to wave length may increase, causing a significant wavesheltering effect, when an offshore breakwater of a scale equivalent to that of the structures on exposed coasts is built in a lake. This results in large-scale shoreline changes, although the depth change is assumed to be small. The same phenomena may occur in a well-sheltered bay. However, such studies are limited. In this study, lakeshore changes associated with the extension of an offshore breakwater were investigated, taking the case in Lake Shinji as an example, where a large-scale cuspate foreland has developed after the construction of an offshore breakwater with the shoreline recession on nearby coasts. First, long-term shoreline changes were investigated using aerial photographs together with site observation, and numerical simulation using the BG model proposed by Serizawa et al. (2006) was carried out to reproduce the topographic changes.
General conditions of Lake Shinji
Lake Shinji with an area of 80 km 2 is located in the eastern part of Shimane Prefecture. The length and width of the lake are 16.8 and 5.8 km in the east-west and south-north directions, respectively, as shown in Fig. 1 . This lake has been formed in a lowland surrounded by mountains, and it connects to Lake Nakanoumi via the Ohashi River, as shown in Fig. 1(a) . Figure 1(b) shows the enlarged satellite image of the rectangular area shown in the central part of the south shore of Lake Shinji. The orientation of the lakeshore shoreline in this area differs from that of the overall shoreline, and it protrudes northward, as a promontory, while forming the Torigasaki cuspate foreland on the west side of the promontory.
Site observation of Torigasaki cuspate foreland
On April 19, 2013, the present condition of the Torigasaki cuspate foreland was investigated. Figure 2 shows the study area of 500 m length, as shown in Fig. 1(b) , with the numbers where site photographs were taken. First, Fig. 3 shows a sandy beach formed in the wave-shelter zone of the groin of 50 m length located at the north end of the study area. An embayment shoreline was formed in the lee of the groin, in which sand was transported from the area with the exposure of the seawall in front of Route No. 9 by northward longshore sand transport. Figure 4 shows the eroded site covered by gravel and six wooden groins with no sandy beach. These groins were constructed to block the discharge of the nourishment sand, but they failed. All the sand discharged because of the existence of gaps between the wooden groins and their low crown height.
A cuspate foreland was formed beyond the eroded area, as shown in Fig. 4 . Figure 5 shows the tip of the cuspate foreland formed behind the offshore breakwater. A narrow sandy beach extended with the lakeshore reed vegetation. Near the tip of the cuspate foreland, a sandy beach of 1 m width, berm height of 0.2 m and foreshore slope of 1/5 extended, as shown in Fig. 6 . South of the foreland, a gradually curved shoreline extended to the jetty. The basement of this jetty was made of concrete and was impermeable, blocking longshore sand transport, as shown in Fig. 7 . Figure 8 shows the south end of the study area, where a seawall was constructed.
Shoreline changes
By selecting the rectangular study area on the west shore of the promontory, as shown in Fig. 1(b) , the shoreline changes were investigated using aerial photographs taken in four periods between 1962 and 2006 and a satellite image taken in 2012. First, Fig. 9 (a) shows the aerial photograph taken in June 1962. In 1962, before the construction of the offshore breakwater, the lakeshore shoreline extended in the south-north direction in the central part of the study area, where the Torigasaki cuspate foreland later formed. The shoreline orientation markedly changed south of a small river flowing into the lake, and it markedly changed westward from the river mouth, and a cuspate foreland A developed in the west part. Groin B of 55 m length extended immediately west of the river mouth, and a foreshore was formed on the southwest side of groin B, implying the predominance of northward longshore sand transport along the lakeshore. On the other side, there is a semicircular protrusion C, and the shoreline again markedly changed around this protrusion. Taking the sand deposition west of groin B into account, sand supplied from a small river located at X = 180 m could be transported northward to be a sand source for the formation of the cuspate foreland. breakwater was an impermeable structure, whereas the jetty connecting the lakeshore to the offshore breakwater was a permeable structure made of two rows of wooden piles of 0.1 m diameter at 1 m intervals except for the basement of the jetty. Apart from this L-shaped breakwater, a groin of 55 m length was extended at X = 600 m southwest of protrusion C at the north end. A cuspate foreland was formed in the wave-shelter zone of the offshore breakwater by 1976 when 11 years had passed since the construction of the offshore breakwater, as shown in Fig. 9(b) . Simultaneously, the beach north of the cuspate foreland was eroded, resulting in the disappearance of the sandy beach in front of Route No. 9 and the exposure of the seawall to waves. By 1986, the cuspate foreland behind the offshore breakwater has further developed with increasing kurtosis and the shoreline at the tip of the foreland advanced by 48 m, as shown in Fig. 9(c) . Furthermore, because the basement of the jetty connecting the offshore breakwater to the lakeshore was rebuilt as an impermeable concrete structure, part of the northward longshore sand transport was blocked at this location, resulting in a wider sandy beach. By October 2006, although the cuspate foreland has further developed, a small sand spit extending south was formed at the tip of the cuspate foreland, as shown in Fig. 9(d) . This sand spit was assumed to be temporally formed owing to the wave incidence from the north. Also, the groin was extended near protrusion C, forming a wave-shelter zone on the south side. Owing to the construction of two wave-sheltering structures, namely, an offshore breakwater and a north groin, beach erosion in between was further intensified. Finally, Fig. 9 (e) shows the satellite image taken in April 2012. No changes in the shape of the cuspate foreland occurred compared with that in 2006 except the tip of the foreland, and a seawall was constructed and the shoreline was fixed around protrusion A in the south part. Figure 10 shows the shoreline changes between 1962 and 2012. The shoreline position was directly read from the aerial photographs, because the lake level is kept constant in the long-term. It is clearly realized that the shoreline of the cuspate foreland advanced with increasing kurtosis, and the shoreline between the offshore breakwater and the north groin receded, exposing the seawall to waves. Figure 11 shows the shoreline changes in a rectangular area between X = 160 and 610 m, as shown by a broken line in Fig. 10 . The shoreline of the cuspate foreland behind the offshore breakwater monotonically advanced between 1976 and 2012 with a maximum shoreline advance of 63.4 m. In contrast, the maximum shoreline recession is as small as 6.6 m on the north side of the offshore breakwater, because the shoreline receded to the seawall. Moreover, the shape of the cuspate foreland is asymmetric on both sides with a large longshore inclination of the shoreline on the north side. Two reasons are considered: (1) the offshore distance to the breakwater is longer on the west side, because the offshore breakwater obliquely extends to the shoreline, as shown in Fig. 1(b) , and (2) wave intensity is greater on the west side than on the east side, because predominant waves are incident from the west, as mentioned later.
Estimation of sand supply from a small river
The change in sand volume in the entire study area was calculated on the basis of the shoreline changes, as shown in Fig. 11 . Using the relations hc = hR/0.31 between the berm height hR and the depth of closure hc, and h =1.3hc between the characteristic height of beach changes, h, and hc (Uda, 1997) , we obtain hc = 0.64 m and h = 0.83 m given the measured berm height hR = 0.2 m, as shown in Fig. 6 . Then, the net change in sand volume could be calculated from the change in the foreshore area since 1962 multiplied by h, as shown in Fig. 12 . The sand volume has monotonically increased since 1962 with the increase in sand volume of ΔV = 3,963 m 3 until 2012. By dividing this value by 50 years that has elapsed, the mean annual rate of increase in sand volume becomes 79 m 3 /yr. The major sand source for the formation of the cuspate foreland is assumed to be a small river flowing into the lake south of the offshore breakwater, and the lakeshore around protrusion A, where eroded sand was transported northward.
Calculation of lakeshore changes
6.1. Numerical model (BG model) As the fundamental equations of the numerical simulation, those of the BG model in Uda et al. (2013) were employed, which were originally proposed by Serizawa et al. (2006) . We use Cartesian coordinates (x, y), the x-and y-axes are taken in the cross-shore (shoreward positive) and longshore directions, respectively, and consider that the seabed elevation Z (x, y, t) with reference to the still water level is a variable to be solved. The beach changes are assumed to occur between the depth of closure hc and the berm height hR. For the sand transport equation, Eq. (1) expressed in terms of the wave energy at the breaking point was used. Also the mass conservation equation Eq. (4) was used.
Here, qx and qy are the x-and y-components of sand transport flux, θw is the wave angle measured counterclockwise with respect to the direction of the x-axis, (ECg)b is the energy flux at the breaking point αb is the breaker angle and tanβc is the equilibrium slope of sand. Kx and Ky are the coefficient of cross-shore and longshore sand transport, respectively, K2 is the coefficient of the term given by Ozasa and Brampton (1980) and Hb is the breaker height. tan is the seabed slope at the breaker point, and in this study, we assumed tan = tan . C0 is the coefficient transforming the immersed weight expression into a volumetric expression (Co=1/{(ρs-ρ)g(1-ρ)}, ρ is the density of seawater, ρs is the specific gravity of sand particles, p is the porosity of sand, and g is the acceleration due to gravity). ε(Z) is the depth distribution of the intensity of longshore sand transport. Here, uniform distribution (Eq.
(3)) was employed. In the calculation, the coastal domain was discretized in 2-D elements with the widths Δx and Δy. The calculation points of the seabed elevation Z and sand transport rates q=(qx, qy) were set in the staggered meshes with a difference of 1/2 mesh. The explicit finite difference method was used.
In calculating the beach changes in the wave-shelter zone of the offshore breakwater, wave diffraction coefficient Kd and the direction of the diffracted waves θd were predicted using the energy balance equation proposed by Mase (2001) , and the breaker height was evaluated by multiplying Hb in the case of no offshore structure with the Kd value. For hR and hc, the Kd value is also multiplied to cover the reduction in wave height. The offshore breakwater was assumed to be impermeable. 
Wind rose
Wave conditions were determined by the S-M-B method using the wind rose between 2000 and 2012 measured at the Matsue Observatory of the Meteorological Agency. Figure 13 shows the measured wind rose. The probability of occurrence of wind direction predominates in the W and WSW during winter and spring, whereas the probability from the east increases in summer and autumn. Thus, wind direction from the principal axis of the lake predominates. Although the predominant wave directions in Lake Shinji are W and E, as shown in Fig. 13 , the study area is located on the west side of the promontory protruding northward, as shown in Fig.  1(b) . Therefore, waves cannot be incident from the east with only wave incidence from the west. Figure 13(b) shows the mean wind velocity in each direction. The west wind prevails throughout the year, and the mean velocity during the west wind in winter was 5.78 m/s.
In the calculation of wave height, the wind velocity measured at a height of 26.7 m from the ground was transformed to the value at the height of 10 m from the ground considering the logarithmic law, and Wilson's formula (Eq. (5)) was employed for the calculation of wind waves given the fetch distance F and wind velocity of 10 m from the ground.
( 5) where, H1/3 is the significant wave height (m), U is the wind velocity (m/s), F is the wind fetch distance (m), and the fetch distance at the Torigasaki cuspate foreland is 9 km. Furthermore, the significant wave period (T1/3) can be calculated using Eq. (6).
(6) Figure 14 shows the significant wave height and the probability of occurrence in summer and autumn, and winter and spring. The maximum significant wave height of 0.27 m with a wave period of 1.93 s occurs under the wave incidence from the west during winter and spring.
Calculation conditions
The calculation domain was selected from the area where the initial shoreline is straight between the groins south and north of the offshore breakwater, as shown in Fig. 15 . In the shoreline changes in Fig. 10 , the shoreline in the central part of the study area is approximately straight, although the shoreline slightly protrudes on both ends of the study area. Therefore, we used the expanded coordinates system (Uda et al., 1998) , in which the gradually curved shoreline is expanded as a straight shoreline. The calculation conditions are shown in Table 1 . The initial bathymetry was given by that in 1962 before the construction of the offshore breakwater. The initial beach slope was assumed to be 1/50 and 1/90 in the zone shallower and deeper than the water depth of 2 m, respectively, on the basis of the geographical map produced by the Geographical Institute of Japan and field observations. The grain size of the bed material is assumed to be d50 = 0.55 mm, and the equilibrium slope is 1/50. The topographic changes between 1976 immediately after the construction of the offshore breakwater and 2012 were numerically reproduced.
As the wave conditions, the significant wave height was given by 0.27 m calculated from the wind rose at the Matsue Observatory of the Meteorological Agency measured between 2000 and 2012 by the S-M-B method. The wave direction was given by the predominant wave direction of W. As the boundary conditions, we assumed Q = 0 at the right boundary, whereas the sand supply of Q = 79 m 3 /yr from the small river was assumed at the left boundary. At the left end of the calculation domain, a groin with a point depth of 0.4 m was installed similarly to the field condition. The berm height was assumed to be hR = 0.2 m, as shown in Fig. 6 . The depth of closure was assumed to be hc = 0.64 m, which was determined from the relation hc = hR/0.31 (Uda, 1997) . The coefficient of longshore sand transport Ky is set to be 0.4, and the ratio of cross-shore to longshore sand transport coefficients, Kx/Ky, was 0.2.
Calculation results
Numerical simulation was carried out, given the initial bathymetry with parallel contours, as shown in Fig. 15 , where the offshore breakwater and the base of the jetty were constructed as impermeable type. Figures 16(a) and 16(b) show the calculated bathymetries up to 1976 and 2012, respectively. In 1976, a cuspate foreland started to form behind the offshore breakwater, and sand necessary for forming the cuspate foreland was mainly transported from the north side of the offshore breakwater, causing severe erosion. Moreover, sand was deposited south of the base of the jetty, whereas the beach was locally eroded east of the base of the jetty while forming a hooked shoreline, because northward longshore sand transport was partly blocked by the impermeable part of the jetty of 27.5 m length. Because northward longshore sand transport had been partly blocked by the impermeable part of the jetty by 1976, the beach north of the offshore breakwater was mainly eroded, and eroded sand was transported toward the lee of the offshore breakwater. By 2012, longshore sand transport became possible offshore of the impermeable part of the jetty because of the successive sand deposition around the tip of the impermeable part of the jetty. Therefore, a large amount of sand was transported toward the lee of the breakwater, resulting in the increase in the size of the cuspate foreland. Also, the water depth outside the waveshelter zone on the north side of the offshore breakwater increased owing to the successive erosion, except in the vicinity of the north end of the breakwater, where sand transported from the south side was locally deposited. Figure 17 shows the measured and predicted shoreline configurations in 1976 and 2012. Both results are in good agreement. Figure 18 shows the changes in longitudinal profiles along transect a across the peak of the cuspate foreland at X = 380 m and transect b across the erosion zone X = 550 m north of the offshore breakwater. In the cuspate foreland behind the offshore breakwater, sand falls into a deeper zone with the shoreline advance, whereas in the erosion zone, a flat seabed is formed owing to the successive erosion in front of the seawall. Finally, the calculated change in sand volume in the entire study area with reference to the bathymetry in 1962 is shown in Fig. 12 . Measured and calculated changes in sand volume are in good agreement.
Concluding remarks
Given the fetch distance at the Torigasaki cuspate foreland and the wind rose in Lake Shinji, the significant wave period and deep-water wave length were calculated to be 1.93 s and 5.8 m, respectively. Because the length of the offshore breakwater is 120 m, the ratio of breakwater to deep-water wave length becomes 20.1. In general, the length of the detached breakwaters built on exposed beaches ranges from 100 to 150 m in Japan. In this case, the deep-water wave length becomes approximately 100 m, assuming the wave period of 8 s, resulting in the ratio of breakwater length to wave length of 1.0-1.5. Therefore, the length of the offshore breakwater, by which the Torigasaki cuspate foreland was forced to form, was much greater than that. Moreover, because the offshore breakwater was impermeable effectively forming the wave-shelter zone, a large cuspate foreland was formed with the shoreline recession on nearby coasts. The depth change of the lakeshore was one order of magnitude smaller than that on beaches exposed to ocean waves, as shown in Fig. 18 . However, the change in foreshore area, as shown in Fig. 17 , was of the same order of magnitude as that measured on open coasts. Thus, the morphological changes and relevant mechanism of sand transport on a lakeshore are very similar to those on beaches exposed to ocean waves, except for the change in the vertical scale of beach changes primarily caused by the difference in wave height. 
